Introduction
Silicon rich oxide (SRO) embedded in a SiO 2 matrix has attracted much attention, in light of great potential applications in integrated photonic circuits, light emitting diodes and radiation sensors. [1] Although many approaches have been attempted to increase the internal quantum efficiency, the output efficiency is still low and limited by the total internal reflection. [2] Photonic crystals (PhCs) are considered one of the promising structures to improve the light extraction by controlling spontaneous emission (SE) and coupling the light emitted into air, [3, 4] which are prior to a randomly textured surface on account of the resistance to parasitic absorption by coherent scattering.
For this purpose, we designed and fabricated a kind of 3D-confined structures with different 2D PhC patterns marked with A-E to enhance the light output from SRO/SiO 2 multilayer stack. The significant enhancement and the band structure modulation have been experimentally realized. The exact mechanisms therein are theoretically revealed, well consistent with the experimental facts.
Fabrication and Experiment
The schematic diagram of the 3D-confined structure is shown in Fig. 1 (a) . The upper and lower claddings are Si 3 N 4 and SiO 2 . The active region is a ten-period thin SRO/SiO 2 multiple quantum well (MQW) structure. The multilayers were deposited on a p-type silicon substrate (100) by PECVD. Figure 1 (b) shows the X-TEM of the MQW structure. Figure 1 (c) shows the top view of a 2D triangular lattice air-hole PhC geometry by JEOL SEM. It was dry etched through the entire active material with depth h =300 nm. The structural parameters of patterns A-E are listed in Table I . All the samples were post-deposition annealing at 900 o C for 30 minutes. Photoluminescence (PL) measurements were carried out at room temperature using a Renishaw Micro-PL system with the excitation source of He-Cd laser (325nm). The light emissions were collected in the range of 400-900nm by the liquid-nitrogen cooled CCD system in the vertical direction through the microscope. Figure 2 shows the PL spectra of the regions with patterns A-E, as well as that of one unpatterned region for reference. The great enhancement observed in the patterned areas can be well explained by the modulation of optical modes of PhC slabs. The corresponding photonic band diagrams are plotted in Figs. 3 (a) -(e) respectively, calculated using a nonlinear equation method based on plane-wave expansion [5] .
Results and Discussion
As for pattern E, about 9-fold enhancement of PL intensity is obtained around 700 nm, corresponding to the normalized frequency a/λ =1.0 at Γ point in Fig. 3 (e) , as the result of strong coupling between the radiation band and the TE-like leaky conduction band modes. According to Figs. 3 (c) and (d) , we believe that the enhancement of patterns C and D is achieved based on the same mechanism.
The blue-shift of the peaks from patterns C, D, to E is because of the increasing duty cycle of air-holes, which results in the decreasing of effective refractive index, and thus the photonic band structure of PhC slab blue shifts.
As for pattern A and B, the PL intensity enhancement is smaller but still clear mainly within the range of 550-800 nm (a/λ =0.5-0.73), attributed to the inhibition of SE, and the redistribution of saved energy by photonic band gap (PBG) effect [6] or the redirection of TM-like guided modes to resonant radiation modes (refer to Figs. 3 (a) and (b)). [4] Although the active material was partially removed by the etching process, SE can also be complemented by quantum eletrodynamic effects, including the Purcell SE rate enhancement due to the wavelength-size cavities, and the redistribution of pump energy in the active region. As an example, the EM field distribution of pump light (325 nm) in the plane of h/2 for pattern E simulated by the Rigorous Coupled Wave Analysis (RCWA) method [7] are depicted in Fig. 4 , as well as the top view of a PhC pattern. Most of pump energy is concentrated in the dielectric material outside the air holes, providing magnified pump power intensity for SE.
Conclusion
Significant enhancement of room-temperature PL intensity from SRO/SiO 2 multilayer stack is observed by employing 2D triangular lattice air-hole PhC patterns. The possible mechanisms are attributed to coherent scattering of the internal trapped light and quantum eletrodynamic effects. 
